Genome size determinations were coupled with allozyme and mtDNA studies to gain insights into the origin of polyploidy and clonal diversity in populations of Daphnia tenebrosa from Churchill, Manitoba. Allozymic variation at five enzyme loci allowed the detection of 32 clones. Analyses of 73 populations in 1981, 27 in 1987 and 45 in 1991 revealed that clonal frequencies were relatively stable and that D. tenebrosa was more clonally diverse (average of three clones per pond) than other species of the D. pulex complex at the same site. Genome size determinations revealed the presence of two clonal assemblages with averages of 0.53 (± 0.01) pg and 0.89 (± 0.03) pg, corresponding to diploid and tetraploid clones. Clustering of allozyme distances revealed three groups, with no association between ploidy level or pigmentation. Similarly, diploid and polyploid clones did not form distinct clusters on the mtDNA dendrogram. The high sequence divergence between the two mtDNA clusters as well as the lack of correspondence between allozyme distance and mtDNA divergence among clonal pairs both suggest that polyploidy arose following reciprocal hybridizations between genetically divergent populations of this species.
Introduction
Many asexual taxa are clonally diverse, physiologically differentiated and have wider distributions than their bisexual relatives (Parker, 1979; Bierzychudek, 1985; Ellstrand & Roose, 1987; Weider & Hebert, 1987a;  Beaton & Hebert, 1988; Christensen et a!., 1988; Wilson & Hebert, 1992; Zhang & Lefcort, 1992) . Also, the vast majority of apomictic lineages are polyploid, which has led to the suggestion that polyploidy is of adaptive significance to asexual organisms (Mogie, 1986) . Indeed, the combination of two or more divergent genomes often leads to high heterozygosity levels in polyploids, which may endow them with novel ecological tolerance (Lewis, 1980) and explain their wider distribution (Bierzychudek, 1985) . Polyploidy has been reported in at least six invertebrate phyla (Bell, 1982) , but few of these groups have been the objects of detailed studies on the origin and maintenance of genetic diversity.
Members of the Daphnia pulex complex are among the best studied obligate parthenogens. Temperate populations of this complex reproduce by cyclic or obligate parthenogenesis , and are *Correspondence 1995 The Genetical Society of Great Britain.
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invariably diploid. Arctic populations have completely abandoned sexual reproduction and include numerous polyploid clones (Beaton & Hebert 1988; Ward et a!., 1994) . Allozyme analyses have shown that clonal diversity is very high in these obligate parthenogens with thousands of clones occurring over the species distribution. However, single habitats typically contain fewer than three clones in both temperate and lowarctic sites (Hebert & Crease, 1983; Weider & Hebert, 1987a; Wilson & Hebert, 1992) . Higher levels of clonal diversity (an average of 4.5 clones per pond) have been found at a high-arctic site occupied almost exclusively by polyploid clones (Weider et a!., 1987) . Joint allozyme and mtDNA evidence suggests that the high diversity seen in asexual populations from the temperate zone arises from the polyphyletic origins of asexuality (Crease et al., 1989 (Dufresne & Hebert, 1994) . The second assemblage includes at least 35 diploid clones (Wilson & Hebert, 1992) all of which lack pigmentation and show both mitochondrial and allozymic convergence to temperate zone populations of D. pulex. Much less work has been done on the third assemblage, although it is known to be clonally diverse (Hebert & McWalter, 1983) and to show variation in both pigmentation intensity and genome size (Hebert, 1987) . Because of its marked genetic divergence from the other members of the pulex complex, this assemblage is regarded as a distinct taxon (D. tenebrosa).
This study aims to provide a more detailed understanding of genetic diversity in D. tenebrosa. Allozyme analysis was carried out over a 10-year period to ascertain both the extent of clonal diversity and the stability of clonal arrays in a large number of habitats. Studies of genome size were subsequently coupled with allozyme studies to ascertain the ploidy levels of individual clones. Finally the extent of mtDNA divergence among clones was appraised to examine the role of hybridization in the generation of clonal and ploidy level variation.
Materials and methods

Taxonomic assignments
Tundra ponds in the Holarctic are dominated by obligately asexual members of the Daphnia pulex group. In Eurasia these species have been assigned to two different taxa: D. middendorffiana and D.
tenebrosa. Both of these species share a melanized cuticle, but D. tenebrosa has a longer tail spine and a more reduced head. Brooks (1957) assigned all obligately asexual lineages of Daphnia in arctic North America to D. middendorffiana. Ailozyme studies (Hebert & McWalter, 1983) later showed that there were two genetically divergent groups, which were identified as D. pulex and D. middendorffiana. Joint morphological and genome size studies subsequently showed that D. pulex could be further subdivided into unpigmented diploid forms and polyploids with melamzed cuticles (Beaton & Hebert, 1988) . Mitochondrial analysis (Stanton, 1988; Dufresne & Hebert, 1994; Van Raay & Crease, 1995) 
Electrophoresis
Electrophoresis was performed on acrylamide gels in 1981 and on cellulose acetate gels in 1987, 1991 and 1992, following standard methods genetic identity (Nei, 1978) were calculated among clones for which genome size determinations were also carried out (see below) and were clustered by the unweighted pair-group algorithm (UPGMA) in rnosys-i (Swofford & Selander, 1989) . Data for the genetic distance determinations were entered as allele frequencies. Unbalanced phenotypes were taken into account by adjusting the allele frequencies to reflect those which were present in higher copy number. Hence, in an individual with the phenotype 2*34, allele 2 was assigned a frequency of 0.50 whereas alleles 3 and 4
were each assigned a frequency of 0.25. The relationship between number of clones detected as a function of sampling effort was estimated using a BASIC program written by M. Beaton at the University of Guelph. One hundred iterations were performed for each level of sampling intensity (one pond, two ponds, three ponds, ... , etc.).
Clonal stability for the 3 years was estimated using Renkonen's stability index (Krebs, 1989) . Only ponds sampled in 1981, 1987, and 1991 were included in this analysis.
Total DNA was obtained from individuals of 16 different clones using the nucleic acid extraction kit from Microprobe. A 2000 bp segment of the mitochondrial ND4-ND5 genes was subsequently amplified using a standard protocol (Taylor & Hebert, 1993) . Aliquots of this PCR product were digested with 10 restriction endonucleases (HaeIII, RsaI, CfoI, MboI, HpaII, TaqI, AluI, DdeI, Hinfl, and Sau961). The digests were run on 2 per cent agarose gels at 90 volts and subsequently stained with ethidium bromide and photographed under UV light. Fragment sizes larger than 60 bp could be detected and their size was estimated by comparison with a 1 kb ladder. Overall percentage distances of shared restriction sites for each pair of haplotypes were calculated following the Nei & Tajima (1983) algorithm in REAP (McElroy et al., 1991) . The matrix of estimated distances was clustered by UPGMA (Sneath & Sokal, 1973 ) using the NEIGHBOR program of PHYLIP, version 3.5c (Felsenstein, 1993) .
Results
Aiozymes and clonal diversity Genome size determinations
In 1987, a study was carried out to examine the extent of genome size variation among clones of D. tenebrosa.
Joint allozyme and genome size determinations were made on each of 160 individuals from 27 ponds. The multilocus genotype of each individual was obtained by using its head for allozyme analysis whereas the rest of the animal was fixed in a 3:1 methanol: glacial acetic acid for genome size determination. The genome size of each individual was inferred from determinations of the optical densities (OD) of at least 10 Feulgen-stained nuclei in the exopodites of the third and fourth thoracic limbs using scanning microdensitometry, as described by . A diploid clone of D. pulex from Windsor, Ontario, with a genome size of 0.37 pg was used as an internal standard in each staining run. The genome size of each individual of D. tenebrosa was calculated by dividing the mean OD value of its nuclei by the mean OD value for nuclei from the standard clone and multiplying this quotient by 0.37. In total, genome sizes were determined for 18 clones.
MtDNA analysis
In 1992 joint information on allozyme and mitochondrial genotypes was obtained through the use of a similar analytical strategy. The head of each individual was used to ascertain its allozyme genotype at the five loci required for clonal discrimination whereas the remainder of its body was used for DNA extraction.
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Analysis of 5619 individuals over the 10-year interval (3228 in 1981, 1220 in 1987 and 1171 in 1991) led to the detection of 32 clones with five polymorphic loci (Table 1) . Fifty-three per cent of the clones showed unbalanced staining activity at one or more loci, suggesting that they were polyploid.
Ponds contained an average of 2.9 clones over the sampling interval. Whereas most habitats contained fewer than three clones, up to nine were found in one pond (Table 2) . Clone 1 was dominant, being found in 78 per cent of the ponds and comprising 50 per cent of the individuals sampled (Fig. 2) . Seven other clones (2, 4, 5, 8, 10, 12 and 13) were relatively common, but the majority of clones were infrequent, only being found in single ponds.
The relationship between the number of clones detected as a function of sampling effort revealed that for a given number of ponds, more clones were detected in 1987 than in 1991 or 1981 (Fig. 3) . The average number of clones found in single ponds was subsequently recalculated using only ponds that had The frequency histogram of genome sizes for the 18 clones showed a bimodal distribution (Fig. 4) . Clones in the lower distribution had a considerably smaller average genome size of (0.53 0.01) pg than clones in the upper distribution (0.89 0.03) pg. Clones with a genome size ranging from 0.40 to 0.60 pg were presumed to be diploid whereas those with a genome size ranging from 0.77 to 0.97 pg were presumed to be Table 3 ). There was, however, a strong correspondence between allozyme genotypes and ploidy levels. Eight of 10 clones with unbalanced allozyme phenotypes were found to be polyploids whereas seven of eight clones with normal allozyme phenotypes were assigned as diploids.
The size of the mitochondrial fragment was 2030 166 bp, with no apparent size variation among clones. Three enzymes (DdeI, Haeffl, Sau961) produced banding patterns that were too complex to be resolved as sites and hence were not included in the analysis. However, the other seven restriction endonucleases produced banding patterns from which restriction sites could be inferred (Appendix I). Fourteen different haplotypes were generated following digestion with these enzymes (Table 4 ). An uo of these data revealed the presence of two major clusters separated by an estimated sequence divergence of 25 per cent (Fig. 6 ). Clones of different ploidy level and different pigmentation intensity were found in both However, some allozyme alleles (e.g. PGI-3 and PGM-1) were only found in clones belonging to the first mtDNA cluster whereas another allele (PGM-5) was only found in clones in the second mtDNA cluster.
(a variable enzyme loci. Clonal diversity in D. tenebrosa appears higher than that in other taxa of the pulex complex at the same site, with an average of 2.9 clones per pond compared with 1.7 clones for D. pulex and 1.5 for D. middendorffiana (Weider & Hebert, 1987a; Wilson & Hebert, 1992) . Recent studies (Hobaek et al., 1993; Ward et al., 1994) have shown that populations of D. pulex from Eurasia have a similarly low level of clonal diversity (1.5 and 1.7 clones per pond). Higher clonal diversity estimates have however been reported for D. middendorffiana from a high-arctic site (4.5 clones per pond) and for D. pulex from a temperate zone region (2-4 clones per pond) (Hebert & Crease, 1983; (Weider & Hebert, 1987a; Zhao & King, 1989; Browne, 1992; Wilson & Hebert, 1992) . Reasons for the differential distribution of the D. tenebrosa clones are not clear. Common clones might be widely distributed because they have broadly adapted genotypes or because their preferred habitat type is prevalent. A study on D. pulex from Churchill found that individual clones were narrowly adapted to specific environmental conditions (salinity, predation regime) with common clones adapted to abundant habitat types (Wilson & Hebert, 1992) . Similarly, D. middendorffiana clones from Churchill show distributional patterns linked to their specific physiological tolerances to salinity (Weider & Hebert, 1987b) .
The genome size studies showed that clones of D. tenebrosa could be assigned to two ploidy groups: one corresponding to diploids and a second which appears to include tetraploids as the average genome size value was 1.7 times the diploid value (range 1.48-1.86).
Smaller than expected genome sizes in tetraploids have also been noted in clones of D. pulex (Beaton & Hebert, 1988) , suggesting that chromosome loss has occurred following polyploidization. Chromosome analyses are needed to verify if clones with the lowest genome size values are triploids or if only tetraploids are present within this assemblage.
Unbalanced staining activity was a good indicator of polyploidy. Eight of ten clones with unbalanced staining activity at one or several loci were polyploids whereas seven of eight clones with normal electrophoretic phenotypes were diploid. It is noteworthy that the diploid genome size (0.53 pg) of D. tenebrosa is 70 per cent bigger than that of D. pulex, although both species have 24 chromosomes (Beaton & Hebert, 1994) . It may be significant that D. tenebrosa, which appears to have the largest genome size of all Daphnia species (Beaton & Hebert, 1994) , is found only at arctic sites. A correlation between large genome size and capacity for growth at low temperature has been found in plants ( Thompson, 1990) , suggesting that large genomes may be advantageous at low temperatures.
Based on their morphological and allozymical similarity to diploids, polyploid clones of D. tenebrosa should be characterized as autopolyploids. However, the high mitochondrial divergence between clones of this species suggests that these clones have an allopolyploid origin. Indeed, the amount of genetic divergence among clones of D. tenebrosa is as high as that between D. pulex and D. pulicaria, which are putative parents for the allopolyploid clones of D. middendorffiana (Dufresne & Hebert, 1994) . The hybridization of longisolated populations of D. tenebrosa could explain the The Genetical Society of Great Britain, Heredity, 75,45-53.
high genetic divergence within this species. For example, as D. tenebrosa occurs in both Asia and North America, it is possible that the divergent mitochondrial groups reflect diversity that once resided on different continents. Based on this explanation, the admixture of diploid and polyploid clones in both mitochondrial groups might reflect the results of reciprocal hybridization events between the genetically divergent isolates of this taxon. The lack of concordance beween allozyme and mtDNA data further supports the conclusion that both asexuality and polyploidy have a polyphyletic origin in this group.
Although extremely rare or absent in animals, autopolyploidy has been suggested to occur in several plant taxa (Soltis & Soltis, 1993) . Autopolyploids are typically recognized based on morphological and allozymic resemblances to diploids, by the presence of multivalents at meiosis, and by tetrasomic inheritance patterns (Stebbins, 1947) . However, these criteria are not sufficiently stringent to rule out the misclassification of allopolyploids. For example, when closely related taxa hybridize, their chromosomes may possess enough homology to form multivalents at meiosis. Furthermore, many cases of autopolyploidy in plants have been classified solely on the basis of allozyme analyses (Soltis & Soltis, 1993) , although evidence now suggests that such analysis can lead to misclassification of taxa that arose through hybridization as autopolyploids. For example, Dufresne & Hebert (1994) have found a case of cryptic allopolyploidy in Daphnia such that a clone possessed the mtDNA of one species and the nuclear genome of another species. The results of the present study further emphasize the importance of joint analyses of nuclear and cytoplasmic genomes in an effort to infer the mode of origin of polyploidy.
